Mycobacterium tuberculosis is a human pathogen that secretes a major immunodominant antigen, namely Hsp16.3, throughout the course of infection. Hsp16.3 belongs to the small heat shock protein family and exhibits a molecular chaperone function that is important for the growth and survival of M. tuberculosis in host cell macrophages. The importance of the N-terminal region for the structure and chaperone function of Hsp16.3 is well understood. However, the effect of the C-terminal region on these properties is far from clear. Therefore, we cloned, over-expressed and purified wild-type and seven C-terminal-truncated mutant proteins of Hsp16.3. Mutants with deletions of one and two C-terminal extension (CTE) residues had a structure and chaperone function similar to wild-type protein. Intriguingly, deletion of three residues from the CTE triggered perturbation of the tertiary structure, dissociation of the oligomeric assembly (dodecamer to octamer and dimer), enhancement of subunit exchange dynamics and improvement in the chaperone function of Hsp16.3. Interestingly, these structural modulations (except oligomeric dissociation) as well as chaperoning strength reached their apex upon truncation of the entire CTE ( 141 RSTN 144 ). Further deletions from the C-terminal region beyond the CTE increased only the degree of oligomeric dissociation, and the complete removal of this region made the protein into a dimer. Overall, our study suggests a 'new structural element' in the C-terminal region, i.e. the Cterminal extension, which plays an important role in the oligomerization, subunit exchange dynamics and chaperone function of Hsp16.3.
Mycobacterium tuberculosis is a human pathogen that secretes a major immunodominant antigen, namely Hsp16.3, throughout the course of infection. Hsp16.3 belongs to the small heat shock protein family and exhibits a molecular chaperone function that is important for the growth and survival of M. tuberculosis in host cell macrophages. The importance of the N-terminal region for the structure and chaperone function of Hsp16.3 is well understood. However, the effect of the C-terminal region on these properties is far from clear. Therefore, we cloned, over-expressed and purified wild-type and seven C-terminal-truncated mutant proteins of Hsp16.3. Mutants with deletions of one and two C-terminal extension (CTE) residues had a structure and chaperone function similar to wild-type protein. Intriguingly, deletion of three residues from the CTE triggered perturbation of the tertiary structure, dissociation of the oligomeric assembly (dodecamer to octamer and dimer), enhancement of subunit exchange dynamics and improvement in the chaperone function of Hsp16.3. Interestingly, these structural modulations (except oligomeric dissociation) as well as chaperoning strength reached their apex upon truncation of the entire CTE ( Introduction Small heat shock proteins (sHsps) are ubiquitously expressed in all organisms from plants, bacteria and yeast to humans [1] , and are mostly molecular chaperones [2] . They can prevent the aggregation of different stressed client proteins [3] and can assist the refolding of denatured proteins in an ATP-independent manner [1] . sHsps are usually classified by their monomeric molecular mass, which typically lies in between 12 and 42 kDa [3] . They often exist as oligomeric assemblies of~9-40 subunits and are majorly b-sheet proteins [3, 4] . Except for a few [5] , sHsps consist of a conserved 'a-crystallin domain' (ACD), which is preceded by an Abbreviations ACD, a-crystallin domain; ADH, alcohol dehydrogenase; AUC, analytical ultracentrifugation; bis-ANS, 4,4 0 -dianilino-1,1 0 -binaphthyl-5,5 0 -disulfonic acid; CTE, C-terminal extension; CTR, C-terminal region; DOL, degree of labelling; DTT, dithiothreitol; FRET, fluorescence resonance energy transfer; MDH, malate dehydrogenase; NTA, nitrilotriacetic acid; NTR, N-terminal region; sHsp, small heat shock protein; TCEP, tris(2-carboxyethyl)phosphine.
N-terminal region (NTR) and followed by a C-terminal region (CTR) [4] . The NTR of sHsps is variable in length, poorly ordered and highly flexible [3] . It is generally believed that the NTR and conserved ACD of sHsps are involved in substrate binding and thereby help in the execution of proper chaperone function [1, 3] . Both the NTR and ACD play an important role in the formation of oligomeric assemblies of these sHsps [1, 3] . Apart from these two regions, the CTR also plays an important role in the structure, stability and chaperone function of sHsps [6] [7] [8] [9] . The CTR in most sHsps is short, flexible and highly polar [10, 11] . This region is subdivided into three parts (the C-terminal tail (CTT), IXI motif and C-terminal extension (CTE)) [4] . The CTT, which directly follows the ACD, plays a crucial role in the subunit contacts and oligomerization of sHsps [4, 12] . The three-dimensional structures of Hsp16.9 and Hsp16.5 have revealed that the CTT spans the dimers of these two sHsps, which helps in the firm binding of the IXI motif into the groove between the b4 and b8 strands [4, 12] . Furthermore, the CTT also bridges the ACD of two adjacent dimers of these two sHsps and holds them together [12] [13] [14] . In a-crystallins, it is interesting to note that the angle made between the tail and the ACD within the same oligomer is variable and flexible, which is made possible by the 'hinge loop' connecting the CTT to the ACD [12, 15] . Apart from the CTT, the highly conserved IXI motif is also considered to be involved in the association of sHsp dimers into oligomers [1, 3] . It was shown that the IXI motif in the CTR of various sHsps fits into the hydrophobic groove of b4 and b8 of the ACD of the adjacent monomer, which gives rise to the formation of tetramers and hexamers. These tetramers and hexamers further interact, with the aid of the NTR, to form larger oligomers [1, [12] [13] [14] . In the crystal structure of Hsp16.5, the IXI motif links the monomeric units in the oligomer, and the deletion of the IXI motif (G143STOP/Hsp16.5ΔC4) leads to oligomeric dissociation with enhanced chaperone function [16] . The partial or complete deletion of the IXI motif hampers the oligomerization of different mammalian, bacterial and plant sHsps [16] [17] [18] [19] . Besides these two subdivided portions of the CTR, the role of the CTE in the structure and chaperone function of different sHsps has been examined extensively. NMR studies revealed that the CTEs of Hsp25 and a-crystallin are unstructured and tumble freely in solution [10, 20, 21] . Thampi et al. [22] showed that the oligomeric size of aA-crystallin decreases slightly upon the partial deletion of 10 amino acid residues from its CTE, while the complete deletion of the CTR leads to a substantial decrease in the oligomeric size as well as the chaperone function of the protein. Even the truncation of different amino acid residues from the CTE of a-crystallin significantly enhances its oligomeric size and chaperone function [23] . Mutations in the CTE of Hsp25 significantly alter the structure and the chaperone function of the mutants [11] . The mammalian small heat shock protein HspB6 lacks the CTE and hence does not oligomerize, existing as a dimer [24] . Attempts have also been made to understand the role of the CTR on the structure and chaperone function of different bacterial sHsps [25, 26] . Therefore, all these studies clearly reveal that the unstructured and flexible CTR plays a significant role on the structure and chaperone function of sHsps.
Interestingly, Mycobacterium tuberculosis, the causative organism of the disease tuberculosis, contains an sHsp; it was initially referred as 14 kDa immunodominant antigen and later termed as M. tuberculosis Hsp16.3 (also known as Acr1) [27, 28] . Hsp16.3 plays an important role in maintaining the dormancy of M. tuberculosis during prolonged periods of latent infection [29] . It is shown that the deletion of the Hsp16.3 gene of M. tuberculosis enhances the in vivo growth rate of the bacilli [30] . Similar to other wellknown sHsps, Hsp16.3 exhibits a molecular chaperone function [27, [31] [32] [33] [34] [35] [36] , and this chaperoning ability is believed to play a crucial role in the slow growth and survival of the M. tuberculosis pathogen in the host [30] . Therefore, in order to understand the role of Hsp16.3 in the survival of M. tuberculosis in the latent stage of infection, exploration of its structure-function relationship is essential.
In fact, some attempts have been made in the past to understand the structure-function relationship of Hsp16.3 under different stressed conditions [31, 37, 38] . Attempts have been also made to understand the role of different residues or regions on the structure and function of this sHsp. Fu et al. [33] showed that truncation of 35 amino acid residues from the NTR of Hsp16.3 completely abolishes its chaperone function. In the same study, they showed that the NTR-truncated mutant exists as a trimer or dimer and fails to bind the hydrophobic probe 4,4
0 -disulfonic acid (bis-ANS). Previous work on the ACD of Hsp16.3 has shown that Gly89 and Leu122 play an important role in maintaining its proper structural integrity and chaperone function [34, 39] . In other studies, it was shown that Gly59 is involved in subunit interaction and is critical for the folding of Hsp16.3 [35, 40] . Unfortunately, only a few studies are available in the literature on the role that the CTR has on the structure [28, 33] and chaperone function [33] of Hsp16.3. Chang and coworkers have shown that partial truncation of the CTR plays an important role in the oligomerization and chaperone function of Hsp16.3 [33] . Several attempts have been made by different research groups to understand the nature of oligomeric assembly of this sHsp. With the aid of molecular mass analysis and electron cryomicroscopy, Chang et al. [27] showed that Hsp16.3 exists as trimers of trimer, although the precise role of the CTR in building the nonameric oligomeric assemblies is unclear. Interestingly, a separate study by Kennaway and coworkers not only provides a different picture of the nature of oligomeric assembly of Hsp16.3, but also demonstrates nicely the importance of the CTR in its oligomerization [28] . They have shown that Hsp16.3 exists as a dodecamer with a tetrahedral symmetry. With the basic subunit as a dimer, the dodecamer is thought to consist of six dimers at the edges of a tetrahedron [28] . In the same study, they have additionally shown that the CTE of Hsp16.3 containing the conserved IXI motif plays a significant role in binding to the hydrophobic groove on the b3 and b7 sheets of the adjacent subunit. Although, the CTR of Hsp16.3 is important in making intersubunit contacts between the dimers, giving rise to the larger assembly of the dodecamer, the role of this region on its oligomerization is still not properly understood.
Therefore, in our present work we have made a thorough attempt to understand the role of the CTR of Hsp16.3 on its structure and chaperone function. First, we generated different C-terminal-truncated mutants of Hsp16.3 using a site-directed mutagenesis approach. Then, we studied their conformation and chaperone function using several biophysical and biochemical techniques. We found that truncation of the CTR causes oligomeric dissociation and enhances the chaperone function of Hsp16.3. We have also shown that the truncation of the CTE of this protein is sufficient to induce such modulations in its structure and chaperone function. Subsequently, the molecular basis of enhanced chaperone function by the CTE-truncated proteins is explored extensively.
Results
Cloning, expression and purification of wild-type and C-terminal region-truncated mutants of Hsp16.3
The primary sequence of Hsp16.3 contains 144 amino acid residues. Among them, residues 1-40 belong to the NTR, residues 41-128 belong to the ACD and residues 129-144 belong to the CTR (Fig. 1A) . Furthermore, the CTR of Hsp16.3 can be broadly classified into the C-terminal tail (CTT), the IXI motif (IXI) and the C-terminal extension (CTE) (Fig. 1A) . To study the role of the CTR on the structure and chaperone function of Hsp16.3, initially sequential truncation of this region by four amino acid residues was carried out, which yielded four truncated mutants: 1-140 (Hsp16.3DC4), 1-136 (Hsp16.3DC8), 1-132 (Hsp16.3DC12) and 1-128 (Hsp16.3DC16) (Fig. 1B) . The wild-type and the CTR-truncated mutants were cloned into pET28b vector and the resulting plasmids were transformed and over-expressed in Escherichia coli BL21(DE3) cells. All these proteins were found in the soluble fraction after cell lysis. Purified proteins having 69 His-tag were obtained with the aid of nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography. In order to make the proteins devoid of 69 His-tag, thrombin was used. Thereafter, thrombin was removed with the aid of a p-benzamidine agarose column. The resulting solution containing the protein with and without 69 His-tag was further separated by passing the protein solution through an Ni-NTA column. The wild-type and the mutant proteins devoid of 69 His-tag were dialysed against 50 mM phosphate buffer, pH 7.5. All the proteins obtained were more than 95% pure and showed a single band in SDS/PAGE (Fig. 1D ).
The truncation of the C-terminal region has no effect on the secondary structure, but has an effect on the tertiary structure of Hsp16.3
In order to assess whether the sequential truncation of the CTR affected the secondary structure of Hsp16.3, we performed far-UV CD spectroscopy with all the proteins (wild-type and CTR-truncated mutants) at 25°C. The far-UV CD spectrum of wild-type protein showed a broad minimum at 216 nm ( Fig. 2A) [41] . The analysis of the far-UV CD spectrum of wild-type protein with the CDNN program [42] revealed that it is a major b-sheet protein (~34% b-sheet,~16% ahelix). The far-UV CD spectra of the CTR-truncated mutant proteins were similar to the far-UV CD spectrum of wild-type protein with a marginal decrease in the negative ellipticity value ( Fig. 2A) . Analysis of the spectra of the CTR-truncated mutants with CDNN revealed no major changes in the b-sheet content of the protein, indicating that the CTR has no effect on the secondary structure of Hsp16.3. Previously, it was demonstrated by another group that removal of amino acid residues from the NTR of Hsp16.3 also has no effect on its secondary structure [33] . Therefore, it can be concluded that amino acid residues present in the ACD of Hsp16.3 are of major importance for the formation of the b-sheet structure of this protein.
Near-UV CD experiments were performed at 25°C to assess the impact of the sequential truncation of the CTR on the tertiary structure of Hsp16.3. The near-UV CD signal/spectrum mainly arises from three aromatic amino acid residues, tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe), in a protein [41] . Trp shows a peak and fine structures in the wavelength between 290 and 305 nm, Tyr a peak between 275 and 282 nm, and Phe shows weaker bands with fine structures in the wavelength range 255-270 nm [41] . Hsp16.3 is devoid of Trp but contains three Tyr and nine Phe residues in its primary sequence. The near-UV CD spectrum of wild-type protein exhibited one prominent peak at 276 nm due to the Tyr residues and a weaker peak at 257 nm due to the Phe residues (Fig. 2B ). Both the Tyr and Phe peak intensities (at 276 and 257 nm, respectively) were altered due to the truncation of CTR of Hsp16.3 (Fig. 2B ). All these data clearly revealed that the truncation of the CTR disturbs or alters the packing of the Tyr and Phe residues in the protein and perturbs the tertiary structure of Hsp16.3.
In order to reinforce our near-UV CD results, we additionally measured the intrinsic tyrosine fluorescence of wild-type and CTR-truncated proteins at 25°C. Due to the presence of three Tyr residues, wildtype protein exhibited strong intrinsic tyrosine fluorescence with emission maxima (k max ) at 308 nm (Fig. 2C) . The deletion of the last four amino acid residues from the CTR (141-144) of Hsp16.3 (Hsp16.3DC4) substantially lowered the intrinsic tyrosine fluorescence (~20%) of the protein (Fig. 2C) . Further sequential deletion of the CTR of Hsp16.3 caused a slight decrease in the tyrosine fluorescence as compared with Hsp16.3DC4 protein (Fig. 2C) , although no alteration in k max magnitude was observed in the mutant proteins. These results implied that the microenvironments of the three tyrosine residues are perturbed upon the deletion of the CTR of Hsp16.3 and are in good agreement with our near-UV CD results (Fig. 2B) .
Deletion of the C-terminal region leads to the oligomeric dissociation of Hsp16.3
The small and poorly structured CTR of sHsps plays an important role in maintaining their oligomeric assemblies [1, 3, 6, 9, 23] . In order to assess the effect of the sequential truncation of the CTR on the oligomeric assembly of the protein, gel filtration chromatography was performed using a TSK GEL G4000 SWXL column (Tosoh Bioscience LLC, King of Prussia, PA, USA). The oligomeric mass of the proteins was determined by using a standard curve prepared from molecular mass standards: thyroglobulin (669 kDa), apoferritin (443 kDa), b-amylase (200 kDa), alcohol dehydrogenase (150 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa) and lysozyme (14 kDa). For wild-type protein, a single peak at 10.20 mL was observed, which corresponded to the oligomeric mass of~193 kDa (~12-mer/dodecamer) (Fig. 3) . Our estimated oligomeric size/mass of the wild-type protein is consistent with the data obtained by Kennaway et al. [28] , who also observed a dodecameric oligomeric assembly for wild-type Hsp16.3. The elution profile of Hsp16.3DC4 contained two peaks, one at~10.60 mL (minor peak) and the other at~11.88 mL (major peak), which correlated to an oligomeric mass of~138 kDa (~9-mer/nonamer) and 42 kDa (~3-mer/trimer), respectively (Fig. 3) . Though the analysis revealed that the peak maxima of the elution profile of Hsp16.3DC4 corresponded tõ 9-mer and~3-mer, the entire elution profile of this mutant protein clearly suggested that truncation of four amino acid residues from the CTR of Hsp16.3 yielded two different populations (~8-9-mer and~2-3-mer). The elution profiles of Hsp16.3DC8 and Hsp16.3DC12 were almost identical to that of Hsp16.3DC4, which further indicated that these two CTR-truncated proteins also exist as a mixed population of octamer-nonamer and dimer-trimer (Fig. 3) . However, the extent of the octameric-nonameric population decreases with concomitant increase in the dimeric-trimeric population upon progressive truncation of the CTR of Hsp16.3 (Fig. 3) . With the com- plete truncation of the CTR, the mutant protein (Hsp16.3DC16) was eluted as a single peak (maximum at~11.88 mL), indicating that the protein predominantly exists as an~2-3-mer (Fig. 3) . Therefore, our findings clearly demonstrated that sequential deletion of the CTR leads to the dissociation of the oligomeric assembly of Hsp16.3 (from a dodecameric population for wild-type protein to a predominant dimeric/trimeric population for Hsp16.3DC16). Previously, it was shown that the truncation of 35 amino acid residues from the N-terminal region of Hsp16.3 yields a trimeric population that exists in a concentration-dependent equilibrium with a dimeric population [33] . Therefore, in order to find out whether such concentration-dependent oligomeric association or dissociation exists for the CTR-truncated proteins of Hsp16.3, we carried out gel filtration chromatographic experiments with different concentrated wild-type and mutant proteins. At a lower concentration (0.1 or 0.3 mgÁmL À1 ), the chromatographic profile of Hsp16.3ΔC4 consisted of two peaks having maxima at~10.70 and~12.00 mL, which corresponded to an oligomeric mass of~123 kDa (~8-mer) and~37 kDa (~2-mer), respectively (Fig. 4) . At a higher concentration (0.5 or 1.0 mgÁmL À1 ), the respective peak maxima of the same protein was shifted to~10.60 and 11.88 mL, which corresponded to an oligomeric mass of~138 kDa (~9-mer) and~42 kDa (~3-mer), respectively (Fig. 4) . A similar kind of concentrationdependent effect was also seen for Hsp16.3ΔC8 and Hsp16.3ΔC12 (Fig. 4) . For Hsp16.3ΔC16, only a single peak with a maximum at~12.27 mL was obtained at lower concentrations (0.1 and 0.3 mgÁmL À1 ), which correlated to an oligomeric mass of~29 kDa (~2-mer). At higher concentrations (0.5 and 1.0 mgÁmL À1 ), Hsp16.3ΔC16 was eluted from the column as a trimer (~43 kDa) (Fig. 4) . Our results clearly revealed that octameric and the dimeric forms of Hsp16.3ΔC4, Hsp16.3ΔC8 and Hsp16.3ΔC12 are in a concentrationdependent equilibrium with their nonameric and trimeric forms. In Hsp16.3ΔC16 the dimer is in a concentration-dependent equilibrium with the trimer. No such concentration-dependent dissociation or association was observed for the wild-type protein (Fig. 4) .
Analytical ultracentrifugation (AUC) experiments were performed in order to verify the results obtained from the above gel filtration chromatographic experiment. A c(s) analysis of sedimentation velocity data obtained with the wild-type protein showed a single well-distributed peak of~9.2 S 20,w (Fig. 5) . The data were analysed by optimizing the frictional ratio (f/f 0 ) and the best fit was obtained at f/f 0 = 1.3. The estimated oligomeric mass of the wild-type protein was 190 kDa (~12-mer), which is in good agreement with the results obtained from the gel filtration chromatographic experiment (Fig. 3) . A frictional ratio of 1.3 suggested that the wild-type protein adopts a nearly globular shape, which is consistent with the crystal structure of different sHsps [13, 14, 43] . The sedimentation profiles of the CTR-truncated mutants (Hsp16.3ΔC4, Hsp16.3ΔC8, Hsp16.3ΔC12 and Hsp16.3ΔC16) were completely different from that of wild-type protein and all the data were analysed assuming the same frictional ratio used for the wildtype Hsp16.3. The c(s) analysis of velocity profiles of mutants with SEDFIT showed one major species sedimenting with average S 20,w of~2.7 AE 0.2 (~31 AE 2 kDa, which corresponded to the dimeric population) and one minor species, sedimenting with average S 20,w of~6.3 AE 0.3 (~124 AE 5 kDa, which corresponded to the octameric population). In contrast, we obtained a single peak centred at an S 20,w of 2.6 for Hsp16.3ΔC16, which corresponded to an estimated molecular mass of~30 kDa (dimeric population). AUC data also indicated that truncation of the CTR significantly decreased the oligomeric size of Hsp16.3 (Fig. 5) . Similar to the gel filtration chromatographic experiment, we did not observe a concentration-dependent equilibrium between (a) octamernonamer and dimer-trimer (for Hsp16.3ΔC4, Hsp16.3ΔC8 and Hsp16.3ΔC12) and (b) dimer-trimer (for Hsp16.3ΔC16) even when 1.0 mgÁmL À1 protein was used. At this higher concentration, only two populations were observed (octamer and dimer). Due to the low extinction coefficient of the wild-type and the mutant proteins, we were unable to execute the concentration-dependent studies with lower concentration protein solutions (0.1 and 0.3 mgÁmL
À1
). The absorbance of the protein samples at lower concentration was not sufficient to get good velocity profiles in AUC experiment.
Deletion of the C-terminal region enhances the chaperone functions of Hsp16.3
After complete characterization of wild-type and CTRtruncated mutants of Hsp16.3, we explored the effect of the sequential deletion of the CTR on the chaperone function of this small heat shock protein, with two The column TSK GEL G4000 SWXL was equilibrated with 50 mM phosphate buffer (pH 7.5). The flow rate used for all these measurement was 0.5 mLÁmin
À1
. The oligomeric mass of the wild-type and the mutant proteins was estimated with the aid of a standard curve. 
different substrate proteins (insulin and a-lactalbumin).
A DTT-induced insulin aggregation assay at 25°C in the absence and presence of wild-type and CTR-truncated proteins is shown is Fig. 6A . At a substrate: chaperone ratio of 5 : 1 (w/w), wild-type protein conferred a protection of~13% against the DTT-induced aggregation of insulin (Fig. 6A,B) . At the same substrate to chaperone ratio, the chaperone function of Hsp16.3DC4 was increased by~47% when compared with that of wild-type protein (Fig. 6A,B) . The protection ability of Hsp16.3DC8 was slightly greater than Hsp16.3DC4 (~2%; Fig. 6A ,B). However the deletion of 12 and 16 amino acid residues from the CTR of Hsp16.3 did not lead to any further enhancement in its chaperone function (Fig. 6A,B) . Similar trends were also observed when we performed the DTT-induced insulin aggregation assay at 25°C with the different substrate: chaperone ratio of 3 : 1 (w/w) ( Fig. 6E ).
To reconfirm the results obtained from the insulin aggregation assay, another substrate protein (a-lactalbumin) was used. Wild-type protein inhibited the aggregation of a-lactalbumin at 37°C by~10% at a substrate to chaperone ratio of 5 : 1 (w/w) (Fig. 6C,D) . At the same substrate to chaperone ratio, Hsp16.3DC4 showed an enhanced chaperone activity (~41%), which remained almost the same for the other three CTR-truncated proteins (Hsp16.3DC8, Hsp16.3DC12 and Hsp16.3DC16; Fig. 6C,D) . The chaperone function of these proteins was also compared by varying the substrate: chaperone ratio. In such case also, CTR-truncated proteins exhibited greater chaperone function compared with wild-type Hsp16.3 (Fig. 6F) .
Apart from exhibiting aggregation prevention ability, many sHsps also play an important role in preventing the inactivation of enzyme activity from thermal stress [44, 45] . Whether wild-type Hsp16.3 possesses this ability is still unresolved. To get an idea of this, we first assessed the ability of wild-type Hsp16.3 to prevent the thermal inactivation of malate dehydrogenase (MDH) at 43°C. MDH (10 nM) alone after 10 min of incubation at 43°C was able to retaiñ 24% of its enzymatic activity (Fig. 7A,B) . Interestingly we found that wild-type protein (5 lM) was able to substantially help the thermally stressed MDH in retaining its enzymatic activity (~42%; Fig. 7A,B) . Once it was confirmed that wild-type Hsp16.3 can prevent the loss of enzymatic activity of MDH from thermal stress, we then studied how CTR truncation affects this property of Hsp16.3. In the presence of 5 lM Hsp16.3DC4, the loss of the enzymatic activity of MDH due to thermal stress was further retarded, and the enzyme was able to retain~64% of its activity (Fig. 7A,B) . In presence of the other three CTR-truncated proteins (Hsp16.3DC8, Hsp16.3DC12 and Hsp16.3DC16; 5 lM each), thermally stressed MDH retained a similar activity (~64-65%) (Fig. 7A,  B) . A similar result was obtained when we performed the thermal inactivation of the enzyme MDH in the absence and presence of 30 lM wild-type and mutant proteins (Fig. 7E) . We also found that wild-type Hsp16.3 can efficiently protect the loss of enzymatic activity of thermally stressed alcohol dehydrogenase (ADH) and such loss was lowered in the presence of CTR-truncated proteins (Fig 7C,D,F) . Together our data indicated that the deletion of the CTR enhanced the chaperone function of Hsp16.3. Also, both conformational analysis and chaperone assays revealed that the optimum modulations in the structure and chaperone function of Hsp16.3 were observed upon the truncation of the C-terminal extension of this protein.
Whether the deletion of entire CTE or part of it is required to bring about similar structural perturbation and enhancement in the chaperone function of Hsp16.3 needs to be further investigated carefully.
To understand the role of the CTE in the structure and chaperone function of Hsp16.3, an additional three CTEtruncated mutants were raised by sequentially deleting one residue each. The resultant mutant proteins harboured the following sequences: 1-143 (Hsp16.3DC1), 1-142 (Hsp16.3DC2) and 1-141 (Hsp16.3DC3) (Fig. 1C) . Each of these mutants was cloned, expressed and purified in similar procedures to those adopted for the cloning, expression and purification of the wild-type and CTRtruncated mutants of Hsp16.3. The SDS/PAGE profile of all these three proteins clearly revealed that they were more than 95% pure (Fig. 1D ).
Partial truncation of the C-terminal extension can also alter the tertiary structure of Hsp16.3
We then compared the secondary structure of wildtype and different CTE-truncated mutants using far-UV CD experiments at 25°C. We had already observed that the complete truncation of CTE has no effect on the secondary structure of Hsp16.3 ( Fig. 2A) . When we compared the far-UV CD spectra of the other three CTE-truncated proteins (Hsp16.3DC1, Hsp16.3DC2 and Hsp16.3DC3) with that of wild-type protein, we found the spectral characteristics for all the proteins were identical ( Fig. 2A) . Analysis with the CDNN program further revealed that the b-sheet content in these mutant proteins was similar to that of wild-type protein. Therefore, it can be inferred convincingly that the amino acid residues present in the CTE make no contribution to the formation of the bsheet structure of Hsp16.3. ) against a-lactalbumin aggregation. (E, F) The percentage protection ability of the wild-type and mutant proteins against insulin aggregation (E) and a-lactalbumin aggregation (F) at a substrate: chaperone ratio of 3 : 1 (w/w). Each of the data is mean AE SD from triplicate measurements. Student's t test was used to determine the significance. NS, not significant; *P < 0.05 and ***P < 0.0005.
Then, we measured the near-UV CD spectra of wild-type and the CTE-truncated proteins at 25°C. This showed that the spectral patterns for wild-type, Hsp16.3DC1 and Hsp16.3DC2 were similar (Fig. 2B) , whereas the intensities for the Tyr and Phe peak (at 276 and 257 nm, respectively) were altered in . Each of the data is the mean AE SD from triplicate measurements. Student's t test was used to determine the significance. NS, not significant; *P < 0.05 and **P < 0.005.
Hsp16.3DC3 (Fig. 2B) . Partial truncation of CTE also affected the intrinsic tyrosine fluorescence of Hsp16.3. The intrinsic tyrosine fluorescence emission spectra of the CTE-truncated proteins clearly revealed a slight decrease (~7%) in the fluorescence emission for the mutant Hsp16.3DC3, while Hsp16.3DC1 and Hsp16.3DC2 showed no quenching of tyrosine fluorescence (Fig. 2C) . Altogether, near-UV CD and tyrosine fluorescence data suggested that removal of three amino acid residues from the CTE region perturbed the tertiary structure of Hsp16.3.
Dissociation of oligomeric assembly of Hsp16.3 is stimulated by the partial truncation of its Cterminal extension
To understand the importance of CTE for the oligomeric assembly of Hsp16.3, we used a similar gel filtration chromatographic technique (same column and same flow rate) to the one we used for determining the oligomeric mass of the CTR-truncated mutants. The results from the gel filtration chromatographic experiments revealed that Hsp16.3DC1 and Hsp16.3DC2 were eluted from the column at~10.22 and 10.24 mL, respectively (similar to that of the wildtype protein) (Fig. 3) . The molecular masses of Hsp16.3DC1 and Hsp16.3DC2 were~192 kDa (~12-mer) and~193 kDa (~12-mer), respectively (Fig. 3) . The gel filtration profile of Hsp16.3DC3 showed a major peak at~10.24 mL and a minor and broad peak at~11.84 mL, which corresponded to a molecular mass of~195 kDa (~12-mer) and~43 kDa (~3-mer), respectively (Fig. 3) . Hsp16.3ΔC1, Hsp16.3ΔC2 and Hsp16.3ΔC3 showed a shoulder peak at an elution volume of~10.41,~10.42 and~10.45 mL, respectively, which corresponded to an oligomeric population of octamer-nonamer (Fig. 3) . During concentration dependence experiments, we did not observe any shift in the oligomeric mass of these three proteins (Hsp16.3ΔC1, Hsp16.3ΔC2 and Hsp16.3ΔC3; Fig. 4) . Hence, this set of data confirmed that partial truncation of CTE is sufficient to disrupt the oligomeric assembly of Hsp16.3. So as to characterize the nature of oligomeric assemblies of these three mutant proteins precisely, we additionally performed AUC experiments. The results obtained from these experiments were in good agreement with our gel filtration chromatographic experiments. The analysis of the sedimentation velocity data of Hsp16.3ΔC1, Hsp16.3ΔC2 and Hsp16.3ΔC3 showed that all the three mutants sedimented with a peak at~9.2 S 20,w (corresponding to a dodecameric population) (Fig. 5) . Apart from this major species, a minute fraction of smaller oligomeric species was also observed for Hsp16.3ΔC3 (Fig. 5) . The minor fraction sedimented at~2.8 S 20,w (corresponding to a dimeric population), further suggesting that the deletion of three amino acid residues from the CTE portion of Hsp16.3 triggers the dissociation of its oligomeric assembly.
Partial truncation of the C-terminal extension initiates the enhancement in the chaperone function of Hsp16.3
We already had the idea that the complete truncation of the CTE enhances the chaperone function of Hsp16.3 ( Figs 6 and 7) ; now to understand whether the partial truncation of this segment can bring about similar changes in the chaperone function of Hsp16.3, we compared the aggregation prevention and enzymatic thermal inactivation prevention abilities of the other three CTE-truncated proteins (Hsp16.3DC1, Hsp16.3DC2 and Hsp16.3DC3) with wild-type protein.
We carried out the aggregation and thermal inactivation assays with similar substrate proteins to the ones we used for checking the chaperone function of the CTR-truncated proteins of Hsp16.3. At a substrate: chaperone ratio of 5 : 1 (w/w), the protection ability of Hsp16.3DC1 and Hsp16.3DC2 against DTT-induced aggregation of insulin at 25°C was the same as that of wild-type protein (~13%; Fig. 6A,B) . Truncation of three amino acid residues from the CTE of Hsp16.3 (Hsp16.3DC3) enhanced the chaperone activity of the protein by~10% as compared with the wild-type protein (Fig. 6A,B) . Analogous results were also obtained with a-lactalbumin as the substrate protein. At a substrate: chaperone ratio of 5 : 1 (w/w), the ability of protecting tris(2-carboxyethyl)phosphine (TCEP)-induced aggregation of a-lactalbumin decreases in the following order: Hsp16.3DC4 (~41%) > Hsp16.3DC3 (~25%) > Hsp16.3DC2 ffi Hsp16.3DC1 ffi Hsp16.3 wild-type (~10%; Fig. 6C,D) . A similar trend of results was obtained for both the substrate proteins (insulin and a-lactalbumin) when the substrate: chaperone ratio was 3 : 1 (w/w) (Fig. 6E,F) .
When we determined the enzyme inactivation prevention ability of CTE-truncated mutants (Hsp16.3DC1, Hsp16.3DC2, Hsp16.3DC3 and Hsp16.3DC4), we observed that in the presence of Hsp16.3DC1 and Hsp16.3DC2 (5 lM each), the loss in the enzymatic activity of MDH was identical to that with wild-type protein (~42%) (Fig. 7A,B) . However, in the presence of Hsp16.3DC3 (5 lM), MDH could retain~51% of its activity (Fig. 7A,B) . A similar trend of results was obtained when the thermal inactivation of the enzyme MDH was carried out in the presence of 30 lM of the wild-type and the CTE-truncated mutant proteins (Fig. 7E) . The CTE-truncated mutant proteins protect the thermal inactivation of ADH in similar fashion to that observed in case of MDH (Fig. 7C,D,F) . Therefore, it is very clear from these data that the enhancement in the chaperone function of Hsp16.3 is initiated upon the partial truncation of its CTE.
Surface hydrophobicity of Hsp16.3 decreases upon the truncation of the C-terminal extension It is well established that surface hydrophobicity governs the chaperone function of different sHsps [9, [45] [46] [47] . In order to measure the surface hydrophobicity of wild-type and CTE-truncated proteins, a bis-ANS binding study was performed. bis-ANS is a hydrophobic probe whose quantum yield is enhanced upon binding to the hydrophobic patches on the surface of a protein [9, 45, 47] . Upon binding to wild-type protein, intense bis-ANS fluorescence was observed with an emission maximum (k max ) at 488 nm (Fig. 8) . This k max value did not alter due to the sequential truncation of CTE of Hsp16.3. Furthermore, the fluorescence intensity of bis-ANS bound to wild-type, Hsp16.3DC1 and Hsp16.3DC2 was almost the same (Fig. 8) . However, the surface hydrophobicity of Hsp16.3DC3 and Hsp16.3DC4 was lowered (~8 and~20%, respectively) as compared with that of wild-type protein (Fig. 8) . The surface hydrophobicity of CTEtruncated mutants of Hsp16.3 was decreased in the following order: Hsp16.3 wild-type ffi Hsp16.3DC1 ffi Hsp16.3DC2 > Hsp16.3DC3 > Hsp16.3DC4 (Fig. 8 ). We further found that the other CTR-truncated proteins (Hsp16.3DC8, Hsp16.3DC12 and Hsp16.3DC16) had comparable surface hydrophobicity to Hsp16.3Δ-C4 (Fig. 8) .
Truncation of the C-terminal extension immensely enhances the dynamics of oligomeric assembly of Hsp16.3
It is quite evident from our structural analysis that partial as well as complete deletion of the CTE perturbs the tertiary structure and destabilizes the oligomeric assembly of Hsp16.3. In order to understand whether these structural perturbations due to the truncation of the CTE affect the dynamics of oligomeric assembly of Hsp16.3, we investigated the subunit exchange rate of wild-type and CTE-truncated proteins by using fluorescence resonance energy transfer (FRET) studies. We first labelled all the proteins with Alexa Fluor 350 (A-350) and Alexa Fluor 488 (A-488) and determined the degree of labelling (DOL) in accordance with the manufacturer's protocol (Molecular Probes, Invitrogen, Carlsbad, CA, USA). The DOL was found to be 1 mole of fluorophores (Alexa Fluor 350 and Alexa Fluor 488) labelled per subunit of different Hsp16.3 proteins. Size exclusion chromatographic experiments with the labelled wild-type and CTE-truncated proteins revealed that there was no change in the oligomeric assemblies of these proteins due to labelling. Thereafter, in order to monitor the subunit exchange phenomena, 0.01 mgÁmL À1 of Alexa Fluor 350-labelled protein was mixed with an equal amount Alexa Fluor 488-labelled protein at 25°C. Due to subunit exchange, FRET occurs and there is a time-dependent decrease in the fluorescence intensity at 440 nm for A-350 (labelled to proteins) with a concomitant time-dependent increase in fluorescence intensity at 513 nm for A-488 (labelled to proteins) (Fig. 9A) . The subunit exchange process was saturated completely for all the proteins within~2 h at 25°C (Fig. 9A) . To calculate the subunit exchange rate constant (k s ), the decrease in the fluorescence intensity of A-350 was fitted to Eqn (2) (see 'Experimental procedures'). The value of the subunit exchange rate constant (k s ) for wild-type protein at 25°C was found to be 0.090 min À1 (Fig. 9B) . The deletion of the first two amino acid residues from the CTE of Hsp16.3 hardly had any effect on the kinetics of the subunit exchange ) were incubated with 10 lM bis-ANS at 25°C for 1 h. Afterwards, fluorescence spectra of the wild-type and the mutant proteins were recorded from 450 to 550 nm with a excitation wavelength of 390 nm. The slit widths for excitation and emission were 2.5 and 5 nm, respectively.
process. The subunit exchange rate constant value was 0.092 and 0.094 min À1 for Hsp16.3DC1 and Hsp16.3DC2, respectively (Fig. 9B) . However, the deletion of three amino acid residues from this segment increased the magnitude of the subunit exchange rate constant by~1.5-fold (Fig. 9B) . Interestingly, the complete deletion of the CTE (Hsp16.3DC4) drastically enhanced the subunit exchange rate constant (0.220 min
À1
) of Hsp16.3 (Fig. 9B) . Furthermore, we observed that other CTRtruncated proteins (Hsp16.3DC8, Hsp16.3DC12 and Hsp16.3DC16) also exhibited subunit exchange phenomena (Fig. 9A) , but did not show any further increment in the subunit exchange kinetics of the protein compared with that of Hsp16.3DC4 (0.223, 0.224 and 0.224 min À1 , respectively; Fig. 9B ). Therefore, from our results it can be inferred that the subunit exchange rate constant of Hsp16.3 increased bỹ 2.5-fold upon the complete deletion of the CTE of the protein and thereafter remained unchanged upon further deletion of the CTR. Moreover, these findings are in good agreement with the previously published results where C-terminal truncation largely modulated the subunit exchange phenomenon/kinetics of different sHsps [6, 48, 49] .
Truncation of the C-terminal extension significantly lowers the activation energy of the subunit exchange process It has been reported that the oligomeric dissociation of a-crystallin is prohibited by its high activation energy barrier for the subunit exchange reaction (60 kcalÁmol À1 ) [50] . Since the dynamics of oligomeric dissociation/reassociation of Hsp16.3 become faster as a result of the truncation of its CTE, we hypothesized that the activation energy barrier for the subunit exchange process in CTE-truncated proteins might be lower than for the wild-type Hsp16.3. In order to test this, we first determined the subunit exchange rate constant for wild-type and CTE-truncated proteins at four different temperatures (20, 25, 30 and 37°C) ( Table 1) . Our results showed that the subunit exchange rate constant of wild-type and CTE-truncated proteins increased by~3-5-fold, when temperature was increased from 20 to 37°C (Table 1) . Our results are consistent with those of Fu et al. [36] , who showed that the subunit exchange rate of wild-type protein increases with temperature. Subsequently, we estimated the activation energy for subunit exchange process of the wild-type and the mutant proteins with the aid of the Arrhenius equation:
where k s is the subunit exchange rate constant, A is the pre-exponential factor, T is the absolute temperature on the Kelvin scale, and E a is the activation energy for the subunit exchange process. E a was determined from the slope of the plot of ln k s versus 1/T in kelvins [51] . The activation energy of subunit exchange of wild-type protein was found to bẽ 15.5 kcalÁmol À1 (Fig. 10) , which is around four times lower than the activation energy of a-crystallin's subunit exchange process [50] . The smaller oligomeric size of Hsp16.3 (~12-mer) compared with that of a-crystallin (~40-mer) may be the reason behind the low activation energy barrier for the Hsp16.3 subunit exchange process. The activation energy of the subunit exchange reaction for Hsp16.3DC1 and Hsp16.3DC2 protein remained similar to that for wild-type protein (Fig. 10 ). Hsp16.3DC3 showed a slight decrease of~1.2 kcalÁmol À1 in the activation energy of subunit exchange, while that for Hsp16.3DC4 decreased substantially bỹ 3.6 kcalÁmol À1 as compared with the wild-type protein (Fig. 10) . Even, the progressive truncation of the CTR of Hsp16.3 (Hsp16.3DC8, Hsp16.3DC12 and Hsp16.3DC16) could not lower the activation energy barrier for its subunit exchange process with reference to subunit exchange process of Hsp16.3DC4 (Fig. 10) . As a whole, the subunit exchange studies as well as the estimation of the activation energy of the corresponding subunit exchange process demonstrated that the CTR plays a crucial role in subunit exchange of Hsp16.3.
Discussion
This particular study was conducted in view of the findings in Zengyi Chang's laboratory that deletion of nine amino acid residues from the CTR of M. tuberculosis Hsp16.3 dissociated its oligomeric assembly as well as improved its chaperone function [33] . Since, the CTR of Hsp16.3 contains 16 amino acid residues and this region possesses three distinct subsections (the C-terminal tail, IXI motif and C-terminal extension) (Fig. 1B) , some immediate questions came to our mind. (a) Is the truncation of nine amino acid residues from the CTR absolutely necessary for the alterations in the structure and chaperone function of Hsp16.3? (b) Do truncations of a smaller segment from this region produce similar modulations in structure? And (c) does Hsp16.3 devoid of the entire CTR exhibit molecular chaperone activity? To get a definitive answer to these questions, we thoroughly examined and compared the structure and chaperone function of wild-type and C-terminal-truncated mutant proteins of Hsp16.3.
We found that truncation of the CTR has no effect on the secondary structure of Hsp16.3, whereas, from near-UV CD and tyrosine fluorescence experiments, it altered the tertiary structure as well as the tyrosine microenvironments (except Hsp16.3DC1 and Hsp16.3DC2). Hsp16.3 has three tyrosine residues; among these three, tyrosine 51 lies in the b3 strand and tyrosine 95 lies in the vicinity of the b7 strand. The three-dimensional structure of Hsp16.3 clearly reveals that the conserved IXI motif along with some part of the CTE is important for patching through the hydrophobic regions at the end of the b3 and b7 strands [28] . We believe that these truncations may affect the patching of the b3/b7 face of the ACD by the IXI motif and thus may affect the local environment of these two tyrosine residues (tyrosine 51 and 95). Such perturbation may also affect the local environment of tyrosine 117, which lies in the b8 strand. Therefore, it can be concluded that alterations in the local environment of these three tyrosine residues may possibly give rise to the changes in tyrosine fluorescence as well as changes in near-UV CD data. We also noticed alterations in the microenvironment of phenylalanine residues that are mostly situated in the Nterminal region of the protein. The fluctuations in these phenylalanine residues may be due to the dissociation of the oligomeric assembly of the protein from dodecamer to dimer upon truncation of the CTR. Furthermore, the mutant proteins with perturbed tertiary structure as well as altered tyrosine and phenylalanine micro-environments also exhibited higher chaperone function than wild-type protein. The initiation of the modulation (enhancement) in the chaperone function was started upon the partial truncation of the CTE (Hsp16.3ΔC3) and the extent of such enhancement reached its optimum value upon the entire truncation of this extension portion (Hsp16.3ΔC4) from the sequence of Hsp16.3. Our study clearly revealed that truncation of nine amino acid residues from the CTR of Hsp16.3 is not an absolute requirement for achieving higher chaperone function; the truncation of smaller segment from this region is enough to produce such an effect. Another noticeable finding is that Hsp16.3 devoid of the entire CTR (Hsp16.3DC16) can exhibit molecular chaperone function. In fact, it is a more efficient chaperone than the wild-type protein. In contrast, Hsp16.3 devoid of the entire NTR fails to exhibit any chaperone function and is recognized as the 'substrate binding' region for this protein [33] . As, the completely CTR-truncated Hsp16.3 can efficiently prevent the aggregation of denatured client proteins, we can say that this region may not be the 'substrate binding' region of this protein, for otherwise truncation of the CTR would cause the lowering of the chaperone function of Hsp16.3. Overall, the enhancement in the aggregation-prevention ability of this mycobacterial sHsp due to the truncation of its CTR is a quite uncommon phenomenon; usually, complete or partial truncation of the CTR lowers the aggregation-prevention ability of different sHsps [7, 23, 52] .
To date, Hsp16.3 is only known to prevent the aggregation of different stressed client proteins [27, 33, 37] . We, for the first time, revealed another functionality of wild-type Hsp16.3, i.e. the ability to prevent activity of different enzymes under thermal stress. We also demonstrated that thermally stressed MDH and ADH retained their enzymatic activity to a larger extent in the presence of C-terminal-truncated mutants (except Hsp16.3DC1 and Hsp16.3DC2) than wild-type Hsp16.3. The enzymatic inactivation-prevention ability as well as the aggregation-prevention ability of different sHsps is often controlled by different factors such as surface hydrophobicity, nature of oligomeric assembly and subunit exchange [1, 3, 46] . Among these, surface hydrophobicity is believed to be one of the important factors behind the modulation of the chaperone function of different sHsps under various conditions [9, 33, 45, 46] . Generally, available hydrophobic patches at the surface of sHsps bind denatured client proteins through hydrophobic interactions [3, 46] . The surface hydrophobicity of Hsp16.3 as well as other sHsps is mostly probed by bis-ANS, a hydrophobic fluorophore [1, 9, 33, [45] [46] [47] . The bis-ANS binding sites for Hsp16.3 are also known. bis-ANS usually binds to the NTR as well as the early part of the ACD of this protein [53] . In this study, we also compared the surface hydrophobicity of wild-type and C-terminal-truncated proteins of Hsp16.3 using bis-ANS binding experiments. We found that C-terminal-truncated mutants (Hsp16.3DC3 to Hsp16.3DC16) had lower surface hydrophobicity compared with that of wild-type protein. Recently, Heirbaut et al. [24] proposed that sHsps with larger oligomeric assemblies contain a more accessible solvent free hydrophobic core that binds bis-ANS with a high affinity, while those sHsps having smaller or lesser oligomeric assemblies bind bis-ANS with lesser affinity. Our C-terminal-truncated mutants of Hsp16.3 (Hsp16.3DC3 to Hsp16.3DC16) also possess smaller oligomeric assemblies and thus possibly exhibit lower bis-ANS binding. It is noteworthy that any enhancement in the availability of hydrophobic patches at the proteins. Arrhenius plot of subunit exchange reaction of wild-type and C-terminaltruncated mutant proteins. The ln(rate constant) at each temperature was plotted against 1/T in kelvins according to Eqn (1). The activation energy (E a ) for the wild-type and C-terminal-truncated mutant proteins was determined from the slope. Each of the data is the mean AE SD from triplicate measurements.
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The FEBS Journal 284 (2017) 277-300 ª 2016 Federation of European Biochemical Societies surface of Hsp16.3 as well as other sHsps under different conditions usually cause the enhancement of their chaperone function [9, 23, 37, 46 ], but we did not get this trend. Our designed C-terminal-truncated mutant proteins having lower surface hydrophobicity exhibited higher chaperone function than wild-type Hsp16.3. Therefore, we further conclude that surface hydrophobicity is definitely not the basis for the enhanced chaperone activity of C-terminal-truncated mutants of Hsp16.3. Apart from surface hydrophobicity, the nature of oligomeric assemblies of sHsps often plays an important role in the proper execution of their chaperone function. In many sHsps, such as Hsp26 and Bradyrhizobium japonicum HspH, the dissociation of the oligomeric assembly is detrimental for their chaperone function [17, 54] . On the other hand, the dissociation of the oligomeric assembly of many sHsps, such as Hsp25 and Hsp27, is important for their chaperone function [55, 56] . Hsp16.3 is also an oligomeric protein.
Kennaway et al. demonstrated that it is a dodecameric protein, while Fu et al., reported that it is a nonameric protein [28, 38] . Nevertheless, it has been well documented in the literature that the dissociation of the oligomeric assembly is important for the chaperone function of Hsp16.3. Actually, the complete dissociation of the oligomeric assembly of this sHsp under different conditions enhances its chaperone function [38, 57] . We also observed that the deletion of three amino acid residues from the CTE initiates the dissociation of the oligomeric assembly of Hsp16.3 (dodecamer to dimer) and this dissociation process is complete in Hsp16.3 protein that is devoid of the complete CTR. For the mutant proteins (Hsp16.3ΔC4 to Hsp16.3ΔC12), the existence of a concentration-dependent equilibrium between octamer-nonamer and dimer-trimer was also noticed in gel filtration chromatographic experiments. The precise evaluation of the nature of the oligomeric assemblies of these mutant proteins by the AUC experiment further revealed that truncation of four or more amino acid residues from the CTR of Hsp16.3 dissociates the dodecameric assembly into octameric and dimeric assemblies. For Hsp16.3ΔC16, concentration-dependent equilibrium of the dimer-trimer was also monitored and AUC analysis clearly suggested that it is purely a dimeric protein. AUC data clearly revealed that the basic building block of wild-type and other Cterminal-truncated mutants is the dimer. Such a building block is also observed from the three-dimensional structure of this protein [28] . The combination of four or six dimeric units may result in an octameric or dodecameric assembly, respectively, while the amalgamation of three asymmetric trimers may result in a nonameric assembly of this protein. So, we can also conclude that the CTR is important for the oligomerization of Hsp16.3, and oligomeric dissociation due to C-terminal truncation is one of the molecular bases for the enhanced chaperone function of these mutants. As the mixed populated C-terminaltruncated mutant (Hsp16.3DC3) had higher chaperone function than the wild-type protein, we can further conclude that even any slight destabilization in the oligomeric assembly could lead to the enhancement of the chaperone function of Hsp16.3. When we tried to establish the relationship between the oligomeric dissociation and enhanced chaperone function of C-terminal-truncated mutants of Hsp16.3, we found a complex relationship. During the sequential deletion of the CTE, the trend in the enhancement of the chaperone function is in coherence with the oligomeric dissociation trend, whereas, truncation beyond the CTE of Hsp16.3 breaks this linear correlation. The degree of oligomeric dissociation is slowly increased upon truncation beyond the CTE, but no further enhancement of the chaperone function is observed in these mutant proteins (Hsp16.3DC8 to Hsp16.3DC16). Thus, it can be concluded that dissociation of the oligomeric assembly may not be the most determining or controlling factor in influencing the chaperone function of the C-terminal-truncated proteins.
Recently, we demonstrated that the dynamics of oligomeric assembly of M. leprae Hsp18 predominates over its static oligomeric assembly in modulating the chaperone function at elevated temperature [45] . The dynamics of oligomeric assembly of many other sHsps including Hsp16.3 is also well known [1, 3, 12, 36] . Although the subunit exchange phenomenon of Hsp16.3 has been documented in the literature, it is purely qualitative in nature [36] . We tried to determine the subunit exchange kinetics of wild-type Hsp16.3 quantitatively and found that the rate constant (k s ) for the subunit exchange of Hsp16.3 subunits is 0.09 min À1 at 25°C. The subunit exchange rate constant of wildtype protein is comparable to those of the other vertebrate sHsps, which vary between 0.038 and 0.089 min À1 [3] . Additionally, we noticed that truncation of amino acid residues from the CTR of Hsp16.3 increases the magnitude of the subunit exchange rate constant by lowering the activation energy required for this process. In the subunit exchange study, we again observed that the modulation of the subunit exchange kinetics saturated upon truncation of the entire CTE segment of Hsp16.3. Based on these observations, it can be inferred that Hsp16.3 has a dynamic oligomeric assembly and the dynamics of oligomeric assembly becomes fastest upon the truncation of the CTE of this protein. In many previous reports, it has been well demonstrated that the enhancement of the chaperone function of different sHsps including Hsp16.3 is mostly accompanied by greater subunit exchange [36, 45, 50, 58] . Thus, we concluded that enhancement of the dynamics of oligomeric dissociation/reassociation plays an important role in improving the chaperone function of C-terminaltruncated proteins of Hsp16.3 (Hsp16.3DC3 to Hsp16.3DC16). The magnitude of the subunit exchange rate constant and the strength of the chaperone function of wild-type and C-terminal-truncated mutants of Hsp16.3 follows a similar decreasing trend, i.e. Hsp16.3DC16 ffi Hsp16.3DC12 ffi Hsp16.3DC8 ffi Hsp-16.3DC4 > Hsp16.3DC3 > Hsp16.3DC2 ffi Hsp16.3D-C1 ffi Hsp16.3 wild-type. We additionally suggest that the dynamics of the quaternary structure is the most determining factor for the exhibition of enhanced chaperone function by CTR and extension-truncated (Hsp16.3DC3 and Hsp16.3DC4) proteins of Hsp16.3.
In short, the truncation of entire C-terminal extension affects maximally the structure and chaperone function of Hsp16.3. Truncation of this entire segment induced perturbation in the tertiary structure as well as increasing the oligomeric dissociation, dynamics of oligomeric assembly and chaperone function of Hsp16.3. Overall, our study points out a 'new structural element' in the C-terminal region, i.e. the C-terminal extension, which plays an important role in the oligomerization, quaternary structure dynamics and chaperone function of Hsp16.3. The PCR reaction was carried out in 50 lL reaction volume containing dNTP, 109 Taq polymerase buffer, respective primers, template DNA and Taq DNA polymerase (Fermentas, Glen Burnie, MD, USA). Amplifications were performed for 30 cycles with conditions for denaturation at 95°C for 45 s, annealing at 60°C for 30 s, extension at 72°C for 45 s and finally extended at 72°C for 10 min. The PCR products were analysed on 0.8% agarose gel and were purified by QIAquick gel extraction kit (Qiagen). Purified PCR products and pET28b vector were double digested with NdeI and XhoI (New England Biolabs) restriction enzymes separately for 1 h at 37°C. The digested product was purified from 0.8% agarose gel by QIAquick gel extraction kit (Qiagen). The digested PCR product and vector were then ligated by using rapid DNA ligation kit (Fermentas) for 18 h at 16°C to generate pET28b-Hsp16.3WT, pET28b-Hsp16.3DC1, pET28b-Hsp16.3DC2, pET28b-Hsp16.3DC3, pET28b-Hsp16.3DC4, pET28b-Hsp16.3DC8, pET28b-Hsp16.3DC12 and pET28b-Hsp16.3DC16 plasmids. Afterwards, these plasmids were transformed into E. coli DH5a cells. The plasmids were then purified from the E. coli DH5a cells with the aid of QIAprep spin miniprep kit (Qiagen). The presence of the desired truncation was confirmed by DNA sequencing carried out at the sequencing facility of Chromous Biotech Pvt Ltd, Bangalore, India.
Experimental procedures
Expression and purification of wild-type and Cterminal-truncated mutants
The expression plasmids pET28b-Hsp16.3WT, pET28b-Hsp16.3DC1, pET28b-Hsp16.3DC2, pET28b-Hsp16.3DC3, pET28b-Hsp16.3DC4, pET28b-Hsp16.3DC8, pET28b-Hsp16.3DC12 and pET28b-Hsp16.3DC16 were transformed into E. coli BL21(DE3) cells. Proteins were over-expressed and purified as follows: 250 mL of Luria broth medium supplemented with kanamycin (50 lgÁmL À1 ) was inoculated with 5 mL of an overnight bacterial culture and cultured at 37°C and 250 r.p.m. until the attenuance (D at 600 nm) reached 0.5-0.7. Induction of wild-type and C-terminal-truncated mutant protein expression was initiated by the addition of 400 lM isopropyl thio-b-D-galactoside. After induction, the cultures were grown for an additional 6-7 h at 37°C, and the cells were harvested by centrifugation at 6000 g for 10 min at 4°C. Over-expression of the wild-type and the C-terminal-truncated proteins was confirmed by 12% SDS/PAGE. The cell pellets were resuspended at 5 mLÁg À1 of lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, 1 mM PMSF and 20 lgÁmL
À1
DNAse at pH 8.0) and gently mixed by flushing at regular intervals for 4 h on ice. Lysates were immersed in ice and dispersed by sonication (6 9 60 s bursts at 38% amplitude) with a digital probe sonicator. All the samples were centrifuged at 20 000 g for 60 min at 4°C. During the cell lysis, the wild-type and the Cterminal-truncated mutant proteins remained in the soluble fractions. Each lysate was then incubated with the appropriate amount of Ni-NTA resin according to the instructions of the manufacturer (Qiagen) and gently mixed for 1 h at room temperature for the binding of the protein to Ni-NTA beads before loading onto a prepared column. The column was washed with buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl and 10 mM imidazole at pH 8.0. The protein was eluted from the column with the same buffer containing different concentrations of imidazole (100, 250 and 500 mM). The purified fractions (250 and 500 mM) were pooled and dialysed extensively at 4°C against 50 mM phosphate buffer containing 10 mM imidazole (pH 7.5). These dialysed fractions contained protein with 69 His-tag. The cleavage of the 69 His-tag from all these proteins was done with the aid of thrombin. The reaction mixture (1 mL) containing 1 mg of the protein with 69 His-tag and 10 NIH units of thrombin in 50 mM phosphate buffer containing 10 mM imidazole (pH 7.5) was incubated at 20°C for~18 h for complete thrombin cleavage to take place; the extent of cleavage was analysed by 15% SDS/PAGE. All the reaction mixtures were then passed through an appropriate amount of p-benzamidine agarose resin (Sigma-Aldrich), pre-equilibrated with 50 mM phosphate buffer containing 10 mM imidazole (pH 7.5), to remove the thrombin from the reaction mixture. The protein solution now obtained contained a mixture of both with 69 His-tag (uncut) and without 69 His-tag (cut) proteins. This protein solution obtained was then incubated with the appropriate amount of Ni-NTA resin according to the instructions of the manufacturer (Qiagen) and gently mixed for 1 h at room temperature for the binding of the uncut protein to Ni-NTA resin. Then the resin was loaded onto an empty column and the eluent was collected that contained the thrombin cut (-69 His-Tag) proteins. The purity of proteins was assessed by 15% SDS/PAGE. The concentrations of purified wild-type and C-terminal-truncated mutant proteins devoid of tryptophan residue were determined in two ways: (a) by using the Bradford assay and (b) by measuring the absorbance at 276 nm (due to tyrosine) using the extinction coefficient calculated from ExPASy PROTPARAM software using the amino acid sequence of the proteins.
Circular dichroism measurements
The near-UV CD spectra were measured at 25°C using a Chirascan spectropolarimeter (Applied Photophysics, Leatherhead, UK). Spectra were collected from 250 to 350 nm using a rectangular quartz cell with 10 mm path length. Wild-type and C-terminal-truncated proteins (1 mgÁmL À1 ) were in 50 mM phosphate buffer (pH 7.5). The reported spectra were an average of five scans [45] .
Far-UV CD spectra were measured at 25°C using the same spectropolarimeter. Spectra were collected from 200 to 260 nm using a rectangular quartz cell with 1 mm path length. Wildtype and C-terminal-truncated proteins (0.2 mgÁmL
À1
) were dissolved in 10 mM phosphate buffer (pH 7.5). The reported spectra were the average of five scans [45, 47] .
Intrinsic tyrosine fluorescence measurement
The intrinsic tyrosine fluorescence spectra of wild-type and C-terminal-truncated proteins (0.2 mgÁmL À1 ) in 50 mM phosphate buffer (pH 7.5) at 25°C were recorded using a Fluoromax 4P spectrofluorimeter (Horiba Jobin Mayer, Edison, NJ, USA). The excitation wavelength was set to 275 nm and the emission spectra were recorded between 290 and 400 nm. The excitation and emission bandpasses were 5 and 10 nm, respectively. Data were collected at 0.5 nm wavelength resolution with a scan speed of 240 nmÁmin À1 [59] .
Determination of oligomeric mass of wild-type and C-terminal-truncated mutants of Hsp16.3
Gel filtration chromatography
Oligomeric mass of wild-type and C-terminal-truncated proteins of Hsp16.3 was determined by high performance liquid chromatography (Dionex, Sunnyvale, CA, USA) using a TSK GEL G4000 SWXL analytical gel filtration column (7 
Analytical ultracentrifugation
Sedimentation velocity experiments were performed using an Optima XL-I (Beckman Inc., Houston, TX, USA) analytical ultracentrifuge equipped with absorbance optics with an An50Ti rotor (Beckman Inc.). Sedimentation velocity studies were carried out at 40 000 r.p.m (129 024 g). using two-channel Epon charcoal-filled centrepieces with sapphire windows. Samples for sedimentation velocity were loaded onto the two sector centrepiece (sample and reference cell) and the absorbance data were collected by scanning samples at a wavelength of 276 nm with a spacing of 0.003 cm and an average of 3 scans per step. The velocity data were analysed using continues distribution c(s) model with SEDFIT [60] . All the proteins (0.5 mgÁmL
À1
) were dialysed in 50 mM phosphate buffer (pH 7.5) and the same buffer was used in the reference cell. In all types of analyses, meniscus and bottom positions, as well as f/f 0 ratios, were optimized during the fitting procedure. For all cases, good fits were obtained with root mean square deviation in the range of 0.003 to 0.006. Sedimentation coefficients were corrected to standard conditions at 20°C in water: S 20,w .
In vitro aggregation assays
The chaperone activity was determined with two different client proteins: insulin and a-lactalbumin. Both assays were performed using a Lambda 35 UV spectrophotometer (Perkin Elmer, Boston, MA, USA).
Insulin aggregation assay
Insulin (0.35 mgÁmL À1 ) in 50 mM phosphate buffer (pH 7.5) was incubated in the absence and presence of 0.07 mgÁmL À1 wild-type and C-terminal-truncated proteins. Insulin aggregation was initiated by adding freshly prepared DTT to a final concentration of 20 mM and light scattering at 400 nm was monitored for 1 h in the kinetic mode at 25°C [45, 47] .
a-Lactalbumin aggregation assay a-Lactalbumin (1 mgÁmL À1 ) in 50 mM phosphate buffer (pH 7.5) containing 100 mM NaCl and 5 mM EDTA was incubated in the absence and presence of 0.2 mgÁmL À1 different Hsp16.3 protein samples (wild-type and C-terminal-truncated proteins). a-Lactalbumin aggregation was initiated by adding freshly prepared TCEP to a final concentration of 5 mM. The light scattering at 400 nm was monitored for 1.5 h in the kinetic mode at 37°C [61] . Both experiments were also conducted with a substrate: chaperone ratio of 3 : 1 (w/w).
Thermal inactivation assay

Malate dehydrogenase inactivation assay
Thermal inactivation of 10 nM MDH in 50 mM phosphate buffer, pH 7.5 was initiated by heating the enzyme at 43°C in the absence and presence of 5 or 30 lM wild-type and C-terminal-truncated proteins. Enzyme activity of MDH was measured by taking aliquots from the assay mixture, which was incubated at 43°C for 10 min. Enzyme activity of MDH was assayed using NADH and oxaloacetic acid as described previously [45] .
Alcohol dehydrogenase inactivation assay
Thermal inactivation of 10 nM ADH in 50 mM phosphate buffer, pH 7.5 was initiated by heating the enzyme at 49°C in the absence and presence of 5 or 30 lM wild-type and C-terminal-truncated proteins. Enzyme activity of ADH was measured by taking aliquots from the assay mixture, which was incubated at 49°C for 10 min. Enzyme activity of ADH was assayed using NAD and ethanol as described previously [62] .
Determination of surface hydrophobicity
The surface hydrophobicity of the wild-type and C-terminal-truncated proteins was measured with bis-ANS, a hydrophobic probe. bis-ANS (10 lM) was added to the wild-type and mutant proteins (0.05 mgÁmL À1 in 50 mM phosphate buffer, pH 7.5) and the mixture was incubated for 60 min at 25°C. Fluorescence emission spectra were recorded using a Fluoromax 4P spectrofluorimeter (Horiba Jobin Mayer) between 450 and 550 nm using an excitation wavelength of 390 nm. The excitation and emission bandpasses were 2.5 and 5 nm, respectively. Data were collected at 0.5 nm wavelength resolution with a scan speed of 240 nmÁmin À1 [45, 47] .
Labelling of recombinant wild-type and Cterminal-truncated proteins of Hsp16.3 with different fluorophores
Conjugation of Alexa Fluor 350 and Alexa Fluor 488 fluorescent probes with purified recombinant wild-type and Cterminal-truncated proteins of Hsp16.3 was done as described previously [45] . Fluorescence labelling was done in accordance with the protocol described by the manufacturer (Molecular Probes, Invitrogen). Briefly, protein solution (1 mgÁmL À1 ) supplemented with 100 mM sodium bicarbonate (pH 7.2) was mixed with Alexa Fluor probes for 1 h at 25°C and then incubated at 4°C overnight to achieve maximum tagging. The labelled and the unlabelled proteins were separated by a BioGel P-30 column (Bio-Rad Laboratories, Richmond, VA, USA). The fractions containing the labelled proteins were pooled and dialysed against 50 mM phosphate buffer (pH 7.5) for 24 h. 
Estimation of subunit exchange rate
FRET was used to determine the rate of subunit exchange as described previously [45] . For subunit exchange experiments, proteins labelled with Alexa Fluor 350 (which serves as donor) and proteins labelled with Alexa Fluor 488 (which serves as acceptor) were incubated for 2 h at different temperatures between 20 and 37°C in 50 mM phosphate buffer (pH 7.5) in a stoichiometric molar ratio of 1 : 1 (donor : acceptor). The reaction mixture was excited at 346 nm and the fluorescence emission spectra were taken from 400 to 600 nm at the respective temperature using a Fluoromax-4P spectrofluorimeter (Horiba Jobin Mayer). The intensities at 440 nm were monitored to calculate the subunit exchange rate constant (k s ) from the following equation:
where F t is the fluorescence intensity at 440 nm at different time intervals, F 0 is the fluorescence intensity at 440 nm at t = 0, and k s is the subunit exchange rate constant. Both A and B were determined using conditions where A + B = 1 at t = 0 and the final value of A = F / /F 0 at t = /. ORIGIN 9.0 software was used to determine the subunit exchange rate constant of the wild-type and C-terminal-truncated proteins at various temperatures.
Statistical analysis
All the values are means AE SD of the number of experiments mentioned in the respective figure legends. The statistical differences between the groups were computed using Student's t test. Only those data, whose P-values were found to be ≤ 0.05, were considered to be statistically significant.
